The sea level anomalies (SLA) in the tropical Indian Ocean (TIO) during two consecutive contrasting southwest monsoon years of 2002 (deficit) and 2003 (normal) are examined using multi-satellite measurements. The rainfall anomalies over the TIO in the month of July show distinct patterns during these two years. The more consistent patterns analogous to rainfall anomalies are reflected in the freshwater flux anomalies which is one of the major contributors of the local sea level change. As a result, the SLA shows distinct features in the north Indian Ocean during these two years. The surface atmospheric convergence and divergence patterns in the TIO are also investigated using multi-satellite wind vectors which are supposed to be correlated with the southwest monsoon rainfall and a key component of sea level change. The results suggest that the eustatic effect and near surface convergence/divergence of winds have significant impact on SLA locally.
INTRODUCTION
Sea level anomaly (SLA) plays a critical role for changes in the global climate system and is one of the important indicators of the internal adjustment of the ocean mass through the variation of temperature and salinity (Antonov et al., 2002) . Since a major portion of Indian population lives in the coastal areas, small changes in SLA are of climatological interest and SLA during tsunamis/cyclones has large socioeconomic impacts. The major components of sea level change are eustatic effect (freshwater flux), steric effects (thermosteric and halosteric), and divergence (Suzuki and Ishii, 2011; Wenzel and Schroter, 2007) . With the advent of satellite altimetry, sea level has a record of last two decades from various radar altimeters like Geosat, Topex, Jason, Envisat, etc. The first Ka-band altimeter Altika onboard the Satellite with Argos and Altika (SARAL) is one of the innovative radar altimeters planned to monitor the sea level with better accuracy. The local freshwater flux, i.e., evaporation minus precipitation (E-P) is one of the major components which determine the surface salinity of the ocean (Prakash et al., 2012) . Therefore, any changes in eustatic sea level might be cause a halosteric change locally (Gairola et al., 2011; Wentzel and Schroter, 2007; Anotnov et al., 2002) . Maes (1998) demonstrated that variations in salinity have large effect on sea level anomalies using satellite altimeter data. Precipitation also affects the height of the ocean surface indirectly via salinity and density. The influence of interannual rainfall anomalies on sea level variations in the tropical Indian Ocean (TIO) has been investigated by Perigaud and McCreary (2003) . They suggested that the rainfall anomalies significantly influence salinity, dynamics and temperature in the Indian Ocean, but have a weak effect on sea level compared to wind-driven changes. However, there are relatively sparse and heterogeneous in-situ observations over the large oceans. The satellite-based retrievals of these parameters offer alternate way to better understand its variability and teleconnections along with in-situ measurements. In the last decade, rainfall retrieval by the synergistic use of infrared and microwave measurements has tremendously improved in order to better understand its high spatial and temporal variability (Tapiador et al., 2012; Kidd and Levizzani, 2011; Michaelides et al., 2009) . Also, the Tropical Rainfall Measuring Mission (TRMM) provides a unique opportunity to retrieve not only rainfall but also evaporation using a single radiometer, TRMM Microwave Imager (TMI) with considerable accuracy (Prakash et al., 2011) . Furthermore, the SSS is also now being monitored by satellite sensors onboard the Soil Moisture and Ocean Salinity (SMOS) and the Aquarius missions.
The Indian Ocean behaves very differently as a component of the global climate system and has very strong seasonal forcing, with the total reversal of winds and dramatic current reversal (Schott et al., 2009) . A sharp contrast between the high saline Arabian Sea (AS) with its high evaporation rate and the rather fresher Bay of Bengal (BOB) with river runoffs from the surrounding continents has significant climate impacts. The Indian southwest monsoon, also known as summer monsoon is one of the main components of the Asian summer monsoon. The thermal contrast between land and ocean and sea surface temperature (SST) and moisture are the crucial factor for its evolution and intensity (Gadgil et al., 2003) . The large interannual variability of Indian monsoon may cause marked sea level change due to fluctuation of monsoon wind, freshwater flux, heat fluxes and river runoff into the BOB (Han and Webster, 2002) . For the present study, we have chosen two consecutive contrasting monsoon years 2002 and 2003. The seasonal rainfall for India as a whole was 81% of the long period average in 2002 whereas it was 102% of the long period average in 2003 as reported by the India Meteorological Department (IMD) using rain gauge data. In July 2002, an unprecedented deficit of 51% below the normal rainfall was observed which was the lowest during the past 100 years whereas the rainfall during July 2003 was bountiful (Rahman et al., 2007; Bhat, 2006; RameshKumar et al., 2005) . During 2002, the El-Niño Southern Oscillation (ENSO) phase was unfavorable but weak, and the Equatorial Indian Ocean Oscillation (EQUINOO) phase was highly favorable which led to a large deficit in the monsoon rainfall (Gadgil et al., 2004 (Gadgil et al., , 2003 .
The objective of this study is to investigate the freshwater flux and its impact on sea level anomalies in the TIO using Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3) and satellite altimeter data during two contrasting summer monsoon years of 2002 and 2003. Also, the associated convergence/divergence using multi-satellite wind measurements over the TIO are examined which is supposed to be related with Indian summer monsoon rainfall Pandey, 2004, 2005) .
DATA AND METHODS
The Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3) set is a complete satellite based climatology of precipitation, evaporation and freshwater budget (E-P) as well as related turbulent heat fluxes and atmospheric state variables over the global ice-free oceans (Andersson et al., 2010) . The freshwater budget is derived from Special Sensor Microwave/Imager (SSM/I) passive microwave radiometers and includes multi-satellite averages, inter-sensor calibration, and an efficient sea ice detection procedure. The E-P anomalies are computed from the climatology of available E-P data from the period of 1987 to 2005. The TRMM Multisatellite Precipitation Analysis (TMPA) -3B43 Version-6 is a standard and gauge adjusted TRMM data product which is derived using geostationary infrared data and microwave observations (Huffman et al., 2007) at monthly scale computed from after real-time TMPA-3B42 data. The rainfall anomalies are computed from the climatology of available TMPA datasets from 1998 to 2010. The monthly gridded map of sea level anomalies in delayed time mode using satellite altimeters data has been procured from Data Unification and Altimeter Combination System (DUACS) which is a part of the CNES multi-mission ground segment (SSALTO) and processes data from all altimeter missions. The value-added monthly mean
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Sea level anomalies in the tropical Indian Ocean during two contrasting southwest monsoon years ocean surface wind derived under the Cross-Calibration Multi-Platform (CCMP) project funded by the NASA Making Earth Science data records for Use in Research Environments (MEaSUREs) program is also used to investigate the large-scale atmospheric convergence and divergence patterns in the TIO during the study period. The CCMP datasets provides the cross-calibrated satellite winds from multisatellite measurements at a high spatial resolution (0.25˚ × 0.25˚) using a variational analysis method (Atlas et al., 2011) . The convergence over the ocean surface from vector wind is computed using the method described by Pandey (2004, 2005) .
( 1) where u and v are zonal and meridional wind components in m s -1 , respectively. Positive (negative) values of C indicate divergence (convergence).
RESULTS AND DISCUSSIONS
The precipitation anomalies derived using TMPA-3B43 products clearly show the anomalously deficit rainfall during the month of July 2002 and normal rainfall during July 2003 over the Indian region (Fig. 1) . The largest negative anomaly of less than -10 mm d -1 in precipitation is observed along the west coast of India and surrounding oceanic regions in July 2002, but during July 2003, it is positive (4-10 mm d -1 ). Even in the presence of favourable sea surface conditions for deep convection, the unusual strength and persistence of the atmospheric inversions around 800 hPa were one of the major reasons for the deficit rainfall along the west coast of India and associated AS region (Bhat, 2006) in 2002. Furthermore, the weaker cross-equatorial flow and strong negative phase of EQUINOO led to more convection over the eastern equatorial Indian Ocean (EEIO) which caused more rainfall over these regions in 2002 (Gadgil et al., 2004 . Using TMI derived total columnar water vapor and near surface wind datasets, Rahman et al. (2007) showed that the lack of moisture and larger negative wind anomaly over the western Indian Ocean and AS during the month of July in 2002 as compared to 2003 which reduced the deep convection and thus rainfall over these region. 
Satya Prakash, Mahesh C. and R. M. Gairola Fig. 2 shows the E-P anomalies for July 2002 and 2003 computed using the HOAPS-3 monthly mean product available since 1987 to 2005. These anomaly patterns represent the contrasting monsoon months in more prominent way. In 2003, highly negative E-P anomaly of less than -10 mm d -1 due to fairly good precipitation is observed in most parts of the north Indian Ocean but in 2002, it is only limited to the EEIO which is consistent with the rainfall anomalies (Fig. 1) . The higher evaporation rates over the AS during the weak phase of summer monsoon conditions in July 2002 were also reported by Ramesh Kumar et al. (2005) . Also, less evaporation over the AS and southern Indian Ocean in June 2002 as compared to 2003 led to less moisture supply in July 2002 (Rahman et al., 2007) and hence less precipitation and higher E-P over this region. Also, the BOB region received more E-P in July 2002 as compared to 2003 due to less rainfall caused by the boreal monsoon conditions. In contrast, higher precipitation over the EEIO in July 2002 led to negative E-P anomaly than that in 2003. Suzuki and Ishii (2011) who suggested that the regional sea level changes significantly influence by water mass density through strong air-sea interactions. Below 15ºS, the advection term is always dominant, no significant change in SLA is observed due to monsoon conditions. The large-scale atmospheric convergence patterns for these two contrasting peak monsoon months also show the distinct features (Fig. 4) . The intense convergence zone (less than -4 × 10 -6 s -1 ) due to strong crossequatorial flow is situated along the WEIO and the southwestern AS during the normal monsoon condition in July 2003 which is responsible for intense convection and thus rainfall over these regions and the EEIO exhibits enhanced divergence (greater than 4 × 10 -6 s -1 ). In contrast, the EEIO shows anomalously intense convergence during July 2002 and the cross-equatorial flow is weak which produced more rainfall over this zone. The subdued convection due to cold SST in the south of 15ºS leads to evolution of divergence zone (Luis and Pandey, 2005) is well reflected in these maps. 
CONCLUSION
This study demonstrates the influence of local freshwater flux and large-scale atmospheric convergence on the sea level anomalies in tropical Indian Ocean qualitatively using multi-satellite measurements. The present study has been carried out for two contrasting summer monsoon years of 2002 and 2003 as a preliminary analysis. The deficit and normal monsoon conditions are better reflected in the freshwater flux anomalies than the only rainfall anomalies over the TIO. The spatial patterns of SLA during these two contrasting peak monsoon months are in good agreement with E-P anomalies in the north Indian Ocean qualitatively. Also, the wind-induced near-surface convergence/divergence has Satya Prakash, Mahesh C. and R. M. Gairola 131 paramount impact on the monsoonal rainfall and thus on the local sea level change. The overall results envisage that the local freshwater flux and wind-driven convergence/divergence have significant influence on regional SLA. The present study needs to be further extended for a large number of contrasting events to quantify and generalize their relationship. Moreover, rigorous efforts are necessary to specify the uncertainties associated with the satellite derived products in order to better understand its variability and teleconnections. The more accurate SLA estimates from the upcoming Indo-French SARAL mission will certainly provide better insights into these processes along with the freshwater flux estimates by the synergistic use of the future INSAT-3D and Global Precipitation Mission (GPM).
